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NANO PART I C LE FILMS 

Field of the Invention 

Tr:e present: invention relates broadly tc supported 
nanoparticle films, devices comprising such films and a 
5 method of forming such films. 
P ac kg round of the I n v eon ti ojn 

M.= r.opart icles (sometimes also referred to as colloids ■ 
are particles of a material which have a dimension of less 
than typically I micrometer. More recently, nanopa r t icles 

10 with dimensions of the order of 10 nm have been 

investigated in detail, and interesting properties such as 
large optical polar isabi 1 i ty , non-linear electrical 
conductance, coulomb blockade and coulomb staircase 
phenomena in the conductance have been revealed. Those 

15 investigations nave been conducted on substantially single 
nanopa rt icles , primarily driven by efforts to utilise 
single nanopa rt i c les in for example "single electron" 
electrical devices such as transistors or as "building 
blocks" for design of molecular devices. 

20 On the other hand, the formation of supported 

nanopa rt i c le films has been investigated less intensely, 
which can mainly roe attributed to tr.e difficulties of 
prepa ring suitable, substantially continuous three- 
cimens lona 1 nanoparticle films. Different metnods of 

25 forming nanoparticle films have been used, including a 
sequence of immersions of a substrate in solutions 
containing the charged nanopa rti c 1 es -and an organic, 
b i funct i on a 1 :ross-lir.ker respectively. Howe ve r , t h i s 
method requires between 2 to 14 hours for each nanoparticle 

30 layer to be "deposited". J t. therefore is doubtful that this 
method has technologies 1 utility. 

Filtration of particles from a solution is an 
established process and in general after filtration one is 
left with a filter "cake" left on the filtration medium. 

35 When applied to nanopart icles , it is kn own that this 

filter cake is subject to cracking on drying especially 
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when ceramic or ceramic precursors such as silicon dioxide 
are used. Also, in general, the process of filtration leads 
to a filter "cake" that is readily redi sper sable in a 
liquid. Addition of polymeric binding agents to ceramic 
5 powders can be used in certain circumstances to reduce the 
cracking of the filter "cake" on drying. 

However, the "cake" needs to be subjected to high 
temperature firing for sintering, in order to end up with a 
film that is not readily redi spersable . The scintering on 

10 the other hand results in the formation of direct links 

between the nanopart icles of the "cake" which, although no 
melting occurs, can mean that some or all of the individual 
nanoparticle properties are changed. 

Conductive and semi -conduct ive nanopart icles have a 

15 tendency to sinter on close contact even at room 

temperature conditions and therefore it is generally not 
possible to filter unprotected metal, conductive 
nanopart icles and semiconducting nanopart icles without the 
possibility of sintering occurring in the resultant cake. 

20 This sintering has been shown to change the opto-electronic 
properties of the nanopa rt icles which is undesirable in 
many applicat ions . 

The sintering can be prevented through the use of 
organic mono- or bifunctional binding agents. These binding 

25 agents form relatively strong binding interactions with the 
nanopart icles and prevent the close contact of the cores of 
adjoining conducting or semi -conduct ing nanopa rt icles . The 
use of such binding agents leads to the formation of 
aggregates, either through cross-linking and precipitation 

30 or' through precipitation of the nanoparticle aggregates due 
to the insolubility of the coated nanoparticle. 

Such nanoparticle aggregates are isolated by addition 
of a binding agent, allowing the reaction between the 
binding agent and the nanoparticle to proceed to 

35 completion, precipitation and isolation of the precipitate 
by the use of cent ri fugat ion or through the use of 
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filtraticn. The filter "cake" formed by this method is 
readily redi sper sable and the nanoparticle aggregates can 
be reaoily isolated as a bulk material. 

The filter u cake" formed does not form a nanoparticle 
5 thin film array that is adherent, on the support and is non- 
d i. soer s a b i e / non-rediss o lvabie . 

»3umma ry^ cof_ _t h e inve ntion 

In accordance with a first aspect of the present 
invention there is provided a method of forming a supported 

10 nanoparticle film, the method comprising the steps of 
preparing a solution containing nanopart ioles ; adding 
soluble linker molecules to the solution to start a cross- 
linking reaction during which the linker molecules form 
cross-] inks between the nanoparticles, and filtering the 

15 organic solution through a porous support, wherein the 
filtering step is conducted before- the cross-linking 
reaction has gone to completion. 

It nas been found that by carrying out the filtration 
of nanopart icles in the presence of a cross-linking 

20 molecule during the period of time before the cross-linking 
reaction has gome to comp let ion it is possible to form a 
nanoparticle t.nin film array that is adherent on the 
support, is non-dispersahle/redissolvable and retains the 
integrity of the individual nanoparticles. 

25 The pore size of the resultant supported nanoparticle 

film may be adjusteo through the use of different size 
nanoparticles. Trie pore size being produced by the vend 
space left between the approximately spherical or irregular 
snared nanopart icles . 

30 It is further preferred that the average pore size is 

less than I'D n:ri in diameter. 

It has further been determined that it is possible to 
incorporate an adjustable property within the structure of 
the thin film or nanoparticle array thus 

35 formed. 
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In accordance with a second aspect of the present 
invention there is provided a supported nanoparticle film 
having an adjustable property, being adjustable under the 
influence of an external stimulus. 
5 For the purpose of this specification, such films will 

also be referred to as "active" films. 

In a preferred embodiment the nanopart icles are 
conduct: i.ng or semiconducting nanopart icles . 

The adjustable property of the nanoparticle film may 
10 be its electrical conductivity. 

The adjustable property of the nanoparticle film may 
be its pore size. 

The adjustable property of the nanoparticle film may 
be adjusted by adjusting a property of at least some of 
15 linker molecules linking nanopart i cles of the nanoparticle 
film and/or by adjusting a property of at least some of the 
nanoparticl.es . 

It is further preferred that the pore size is adjusted 
through the modification of the cross- 1 i nking groups. 
20 The adjustable property of at least some of the linker 

molecules may be, but is not limited to, by means of an 
electroactive group, a reduction/oxidation active group, a 
pH sensitive group, light responsive group, a protein, an 
enzyme, a group capable of forming a complex with another 
25 molecule, a magnetic responsive group, an electric field 
responsive group, a group capable of changing its 
conformation or electronic or optical properties through 
the application of the external stimulus. 

The adjustable property - group may be either an 
30 electron donor or electron acceptor group such as a 

viologen, ferrocene, fullerene, carbon nano tube, aromatic 
amine compound, aromatic nitre compound, TCNQ - 

The adjustable property of at least some of the linker 
molecules may be such that on application of the external 
35 stimulus the conformation of the linker molecule changes in 
such a way that the int e rpa r t i cle distance between the 

J \SpeoU00 - JQ9\1SG - 199\.HM I doc 



- 6 - 

nanopart icles is modulated. This has the effect of 
changing the energetics of the barrier to interpar t icie 
electron nopping between nanc particles resulting in a 
c n 3 f: g e in r. e n o p 2 r t. 2 c 1 e film o n o u c t i v i t y . 
5 In accordance witn a third aspect of the present 

invention rr.ere is provided a device comprising a supported 
nan: -pa rt 1 c 1 e f 1 im na v i no an ac just at 1 e p>ropert y . 

The device may comprise a multilayer structure of 
rianoparti.de films produced on top- of each other. 
10 The multilayer structure may comprise two or more 

nanoparticle film layers wherein at least one nanoparticie 
film layer contains nanopart icles or cross-linking 
molecules that are different from those found in the other 
layer . 

15 The multilayer structure may comprise a nanoparticle 

layer that is cross- linked using a first linker molecule 
that comprises an electron acceptor molecule and another 
nanoparticie layer that is cross-linked using a second 
linker molecule that comprises an electron donor molecule 

20 such that, electrons flow in one direction of the multilayer 
structure preferentially to the other direction. 

In one embodiment , the device comprises a diode type 
structure using multilayers with asymmetric electron 
donor/ acceptor propert i es . 

25 In accordance with a fourth aspect of the present 

invention t r. ere 12 provided a method of forming a supported 
nanoparticie film, the metnoo comprising trie steps of 
preparing a solution of nanopart icles; adding soluoLe 
nanopart i cl e- 1 in ker mo 1 ecu 1 es , sa i d nan op a rti :le~ 1 in ke r 

30 molecules being able to cross -link the nanopart icles and 
being cress-linkable to ea:h other on application of an 
•External stimulus; allowing the na nopartic les to ::ross-iink 
due to the action of the nanopart icle-linker molecule, 
filtering the solution through a porous support, and 

35 applying the external stimulus such that the nanoparticie- 
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linker molecules additionally form cross-links between each 
other . 

The application of the external stimulus may stimulate 
a polymerisation reaction of the nanoparticle-linker 
5 molecules . 

Preferred forms of the invention will now be 
described, by way of example only, with reference to the 
accompanying drawings, in which: 
Bri ef Description of the Drawings 
10 Figure 1 shows conductivity measurements of different 

supported nanoparticle films embodying the present 
invention . 

Figure 2 shows a measurement of the changes in 
conductivity of an "active" nanoparticle film embodying the 
15 present invention. 

Figure 3 shows cur rent- vol t age curves of a device 
embodying the present invention. 

Figure 4 is a schematic drawing of a device embodying 
the present invention. 
20 Detailed Descriptio n of the Prefe rred Embodiments 

The gold nanopart icles used were produced using known 
nanoparticle formation procedures, which are outlined 
below : 

Gold chloride and t r isodiumci t rate are added in water, 
25 which is subseguently boiled for 15 minutes. This process 
results in gold nanopart icles having dimensions of about 5 
to 50 nm in aqueous solution. 

Alternatively, gold chloride and t et raocty lammonium 
bromide is added in toluene, a reducing agent is added and 
30 the mixture is stirred for 2 hours. This results in gold 
nanopart icles having dimensions of about 8 nm in organic 
solution . 

in a first embodiment, an organic soluble linker 
molecule is added to the organic solution containing the 
$5 gold nanopart icles . Before the reaction has gone to 

completion in the cross-linking reaction between the gold 
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nanopart i :les and tne organi: soluble linker molecules, the 
mixture is then filtered thrcugh an Ancpore porous support 
(pore size 10 nm ) . 

The resultant n i n o p a r t i o 1 e films supported c n the 
5 Anopore support were found to be coherent and were net: 
readi ly red: spersabl e/ redis solvable . 

Tne ac»p-"irant ras found that if the cross - 1 i nki no 
reaction :. s allowed to go to completion, a floculate 
precipitate is formed. This floculate precipitate may be 
10 filtered t.nrough the porous support, but it is not possible 
to obtain a coherent film. Flatter, the flocculate 
precipitate can be readily redi spersed/ redissolved from the 
support . 

Further embodiments are now described: 

15 • Formation of Au nanoparticle film on Anopore support 
( pore size 2 Onm i . 
Al kanedithie i is added to an organic solution containing 
the Au nanoparticles. Before the reaction has gone to 
c cmp letion t h e mixture is filtered through the Anopore 

20 support to form a coherent, supported Au nanoparticle film. 
Formation of Au nanoparticle film on cellulose 
acetate/nit rate support . 

Al kanedi. thi .o.L is added to an organic sol ut ion containing 
tne Au nanoparticles. Before the reaction has gone to 
25 completion the mixture is filtered through the on cellulose 
acet a te/ n.: t ra :e support to form a coherent, supported Au 
nan opart i cle film. 

• Formation of Au nanoparticle film on Durapore support . 
Al kanedi t hie 1 is added tc the -organic solution containing 

30 the Au nanoparticles- Before the reaction has gone to 

completion the mixture is filtered through the a Durapore 
support t o form a coherent, supported Au nanoparticle film. 

• Fcrmation cf Au nanoparticle array on Anopore support 
using different cross-linker lengths 
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Dithiol cross-linker is added to the organic solution 
containing the Au nanopart icles . Before the reaction has 
gone to completion the mixture is filtered through the 
Anopore support to form a coherent, supported Au 
5 nanoparticle film. Varying the length of the dithiol 
resulted in different conductivities (lateral) of the 
resultant films. As shown in Figure 1, the conductivity 
decreases from 1/(100Q) (2 carbon linker, da*:a points A) 
to (1/100 MQ) (15 carbon linker, data points C). Similar 

10 results can be obtained using diamine cross-linker 

molecules of varying lengths when gold nanoparticles formed 
in organic solution as described above are used. 

The result that by varying the length of the linker 
group, by for example using 1 , 8-octanedithiol and 1,15- 

15 pentadecanedi thiol the conductivity of the film can be 
varied, indicates that the gold nanoparticles had not 
sintered during film formation. 

• Formation of Au nanoparticle array on cellulose 
acetate/nitrate support using viologen cross-linker 

-irv - — _ 1 jr_ _ . • i i i . i r- • -i 

^ uiuic^uxco l. <j j_w_lul ct [JiiULUbWlLCIltlU IldriOpdl LlUie L_Li.Hl. 

Methyl viologen dichloride is added to the aqueous solution 
containing the Au nanoparticles formed by citrate 
reduction. Before the reaction has gone to completion the 
mixture is filtered through the on cellulose 

25 acetate/nitrate support to form a coherent, supported Au 
nanoparticle film. 

The resultant nanoparticle film has an adjustable 
conductivity, adjustably by e.g. exposing the nanoparticle 
film to radiation from a xenon lamp. Figure 2 shows a 

30 measurement of the changes in the (lateral) conductivity of 
the nanoparticle film during on and off cycles of the xenon 
lamp . 

• Formation of Active Au nanoparticle multilayer array on 
cellulose acetate/nitrate support. 
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A patterned, conductive gold nancparticle film was formed 
by masking of: a circular section of the cellulose 
acet ate / n i rate filler su[::pcrt, f o 1 lowed by filtration of a 
s o 1 u t i c o '~' f souse us Au n a n c r a r 1 2 c 1 e s f 1 rme d by c i t r a *' e 

5 reduction methc-d, to which nad been added a solution of a 
two car;: on linker, cyst amine hydrochloride a. e described 
arove. Tne mixtcre was filtered before the reaction between 
the Au particles ano the cystamir.e cross-linker had gone to 
c cmplet ion . Tne film thus formed was washed with water. A 

10 solution o>f aqueous Au nar.oparticles formed by the citrate 
reduction method, to which had been added a solution -if 
bis (10-decanethiol) -violoqen was then filtered through the 
filter before the reaction had gone to completion. A third 
film consisting in 3 solution c>f aqueous Au nanoparticles 

15 formed by citrate reduction method, to which had been added 
a solution of a two carton linker, cystamme hydrochloride 
was formed on top of the previous films by filtration 
before the reaction had -gone to completion. Thus a tn layer 
film was formed consisting c>f a bis ( lC-decanethiol ) vi olegen 

20 linked gold nanoparticle array sandwiched between two 

conductive gold nanopart icle films formed from cystamme 
hydroohl orioe I inkeo: gol d nanopa rticie arrays . Current- 
voltage curves o-f tne device showed nor.-lir.ear 
characteristics that may be of utility in electronic 

25 applications, ao shown in Figure 3. 

• Format ion of. pstternec Au nar.opar t icle film on eel lulose 
acet a t e / nitrat e s ±ppo r t us 1 ng pat t e rned mi 0: rochanne 1 
mas k . 

A mask is proiucea from a suitable material such as 
30 iili cone ruobei wnich tr. rough known methods such as casting 
a mould urit z> ^ ph :>t :> 1 i t nog r aph i ed master contains a series 
of -channels an:: patterns as desired (Kim, FJ . etal, J. Am. 
Chem. Sec, 15»Src, i 1 3 , p>g 5722-: 7 11). The mask is placed 
onto the filtration membrane. A solution cf Au 
35 nanoparticles to which has been added a cross-linker is 
prepared and used before the cross-linking reaction has 
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gene to completion. The nanopa rt icle /cross- 1 in ker mixture 
i: : : allowed to flow through the mask and through those parts 
of the porous support to which the channels of the mask 
direct the solution using either pressure or application of 
5 vacuum. The material of the mask is such that it is inert 
to the various solvents used. 
• Formation of transistor like devices 

A device 10 comprises a number of nanoparticle layers as 
shown schematically in Figure 4. On a porous support 12 a 

10 patterned layer of a conductive nanoparticle film has a 

source portion 14 and a drain portion 16 of the device 10. 
A conductive layer of nanopart icles 18 is considered the 
Gate and an elect roactive nanoparticle film 20 whose 
conductivity may be modulated through the use of an 

15 electro/magnetic stimulus encapsulates the source and drain 
portions 14, 16 respectively. 

An insulating layer of nanopart ic les 22 is formed 
between the gate-layer of nanopart icles 18 and the 
elect react ive nanoparticle film 20. 

20 By applying a stimulus at the gate-layer of 

nanopart ic les 18, a flow of current from the source portion 
14 to the drain portion 16 can be modulated. 

In a further embodiment a solution of gold 
nanopart ic les formed in water using the sodium citrate 

25 reduction method was treated with a water soluble cross- 
linking molecule. 3efore the reaction between the gold 
nanopa rt i c les and the cross-linking molecules had gone to 
completion the mixture was filtered under vacuum or 
pressure in order to obtain a coherent nanoparticle film. 

30 It was found that if the interaction between the cross- 
linker groups and the nanoparticles was weak, such as for 
the case wnen water soluble diamine compounds were used in 
an aqueous environment, the resultant nanoparticle films 
sintered and no relationship between the length of the 

35 linker and the conductivity of the nanoparticle film was 

found. However, when a watersoluble dithiol cross-liner was 
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used such as bi s ( 1 0 -decanet hiol i - violcgen , which can fcrm 
relatively strong gold-sulfur bonds, a highly resistive 
nanoparticle film was found indicating that the 
nanop articles had not sintered. 
5 Applications of active nanoparticle films: 

- electrically switched filtration membranes, where 
the filtration of molecules through tne pores formed in the 
nanoparticle film is controlled through application of 
electric charge onto the conducting membrane. 

10 - formation of transistors, PROM devices which utilise 

nanoparticle films with adjustable photoconductivity or 
electrical conductivity. 

- Electric components such as an antenna which can be 
"switched" into a non-conductive state when not in 

15 operation, to e.g. avoid detection. 

- A photovoltaic device formed by the process describe 
in the invention utilising a multilayer structure of 
conducting ana semi conduct ing nanopart icles 

- Optoelectronic devices wherein the resistors, 

20 capacitors, diodes and transistors are formed onto porous 
supports using multilayers of patterned cross-linked 
nanoparticle films formed by the filtration method as 
described above . 

It will be appreciated by a person skilled in the art 

25 that numerous variations and/or modifications may be made 
to the present invention as shown in the specific 
embodiments without departing from the spirit or scope of 
the invention as broadly described. The present 
embodiments are, therefore, to be considered in all 

30 respects to be illustrative and not restrictive. 
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The claims defining the invention are 

1. A method of forming a supported nanoparticle film, 
the method comprising the steps of: 

- preparing a solution containing nanopart icles ; 

5 - adding soluble linker molecules to the solution to 

start a cross-linking reaction during which the linker 
molecules form cross-links between the nanopart icles ; and 

- filtering the organic solution through a porous 
support, wherein the filtering step is conducted before the 

10 cross-linking reaction has gone to completion. 

2. A supported nanoparticle film having an adjustable 
property . 

3. A device comprising a supported nanoparticle film 
having an adjustable property. 

15 4. A method of forming a supported nanoparticle film, 

the method comprising the steps of: 

- preparing a solution of nanopart icles ; 

- adding soluble nanoparticle-linker molecules, said 
nanopart icle-linker molecules being able to cross-link the 

20 nanopart icles and being cross-linkable to parh nfhpr 
application of an external stimulus; 

- allowing the nanopart icles to cross-link due to the 
action of the nanoparticle-linker molecule; 

- filtering the solution through a porous support; and 
25 - applying the external stimulus such that the 

nanoparticle-linker molecules additionally form cross-links 
between each other. 

Dated this 5th day of October 1999 
30 CSIRQ 

By their Patent Attorneys 
GRIFFITH HACP; 
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